We used a covariate-based linkage method to reanalyze genome scan data from affected sibships collected by the Alzheimer Disease (AD) Genetics Initiative of the National Institute of Mental Health. As reported in an earlier article, the amyloid-b precursor protein (APP) region is strongly linked to affected sib pairs of the oldest current age (i.e., age either at last exam or at death) who lack E4 alleles at the apolipoprotein E (ApoE) locus. We now report that a region on 20p shows the same pattern. A model that includes current age and the number of E2 alleles as covariates gives a LOD score of 4.1. The signal on 20p is near the location of the gene coding for cystatin-C, previously shown to be associated with late-onset AD and to codeposit with APP in the brains of patients with AD. Two-locus analysis provides evidence of strong epistasis between 20p and the APP region, limited to the oldest age group and to those lacking ApoE4 alleles. We speculate that high-risk polymorphisms in both regions produce a biological interaction between these two proteins that increases susceptibility to a very-late-onset form of AD.
1997), 10 (Bertram et al. 2000; Ertekin-Taner et al. 2000; Myers et al. 2000) , and 12 (Pericak-Vance et al. 1997) .
Locus heterogeneity, such as may be present for lateonset AD, presents a challenge in the analysis and interpretation of linkage results. Recently, we developed a model-free linkage method that allows covariates to be included in the analysis ). This method accounts for locus heterogeneity that is measured by covariates, thereby allowing the discovery of evidence for linkage that might otherwise be obscured. We have demonstrated the potential effectiveness of this method in a recent analysis of the APP region, using affected sib pairs (ASPs) collected as part of the National Institute of Mental Health (NIMH) AD Genetics Initiative ). In the case of the APP region, we observed an increase in the LOD score from .04 to 5.54 after we included current age as a covariate in the linkage model. Our results indicated that the families with AD that have the oldest current age and no ApoE4 alleles exhibit linkage to APP.
In the present study, we revisit the data collected by the NIMH AD Genetics Initiative and analyze the remaining autosomes through use of the same covariatebased method of ASP linkage analysis. We chose, as covariates, variables that we believed were likely to be related to locus heterogeneity. Specifically, we examine the roles that age at onset, current age (age at last exam or age at death), and ApoE genotype play in linkage heterogeneity to late-onset AD. As we shall see, we find substantial evidence for linkage on 20p, in addition to the signal in the APP region that we reported previously. We also present an extension of our linkage analysis method to include two-locus models, to examine a possible epistatic interaction between the signal in the APP region and the new signal on 20p.
The collection, characterization, and genotyping of AD-affected sibships by the NIMH AD Genetics Initiative has been previously described (Blacker et al. 1997) . We restricted our analysis to 272 ASPs that had onset at age у60 and also had complete data on the following variables: age at onset (as measured by age at first symptoms), current age (as measured by either age at last exam [33%] or age at death [67%]), and ApoE genotype. The lower bound on age at onset was imposed to eliminate the possible effect of outliers on the linkage analysis; only four ASPs were removed for this reason. For age at onset and current age, the covariate included in the linkage analysis was the sum of the values of the two individuals. For ApoE genotype, we considered two covariates: (1) the total number of E4 alleles in the ASP and (2) the total number of E2 alleles in the ASP. Multipoint identity-by-descent values were computed at 2-cM intervals throughout the genome, by use of all markers available from the genome scan.
To allow for covariate-related locus heterogeneity, we applied a covariate-based ASP LOD-score method to the genotype data. The model is a one-parameter modification of the conditional logistic parameterization of the ASP LOD score introduced by Olson (1999) . An optimal mode of inheritance parameter (Whittemore and Tu 1998) is specified that allows one to fit only a single additional parameter per covariate. The model is parameterized in terms of offspring recurrence-risk ratio (l 1 ), conditional on K covariates , as
where b is a parameter that measures the "average" linkage in the sample and the are covariate-specific g k parameters that measures the change in linkage as a function of the covariates, and in terms of the recurrence-risk ratio for monozygotic twins ( ), conditional l 2 on K covariates , as
This model has been implemented in the S.A.G.E. program LODPAL.
To simplify specification of constraints on parameter estimates, to improve numerical stability, and so that b reflects average allele-sharing, all covariates are centered around their sample mean before they are included in the linkage model. Because covariates are centered around their mean, inclusion of a covariate in the model is not expected to give a different value of b than that estimated in the model without covariates, unless the distribution of the covariate is asymmetric, as is the case with the number of E4 alleles. In general, the values of b and the depend on the choice of "coding scheme" g k for the covariates; a linear transformation of the covariate does not change either the LOD score or the estimates of covariate-specific recurrence-risk ratios. More importantly, conclusions about the existence of locus heterogeneity and the extent or nature of locus heterogeneity do not depend on the estimated value of b (which may equal zero).
Asymptotic distributions of the resulting likelihoodratio tests were used to obtain P values (see . In the present study, we report as "LOD" scores the likelihood-ratio statistics (LRSs) divided by 4.605 (i.e., 2log e 10). Critical values for the LRSs were obtained as follows. The distribution of the LRS for the basic one-parameter model is a 50:50 mixture of a point mass at zero and a x 2 distribution with 1 df. Addition of K covariates gives an LRS with a distribution that is a 50:50 mixture of a x 2 with K df and a x 2 with K ϩ df. The difference in LRS between nested models that 1 differ by J covariates has a x 2 distribution with J df. One
Figure 1
Genome scan results for baseline (without covariates) and single-covariate models. A LOD score of 2.1 correponds to the significance level for the baseline model; a LOD score of 2.8 corresponds to the the significance level for models with a a p .001 a p .001 single covariate.
can therefore test both the significance of the contribution of a covariate and the overall evidence for linkage. The overall evidence for linkage includes information about both the "average" linkage for the sample and the change in linkage as a function of the covariate.
Two-locus models were used to examine regions demonstrating linkage for possible interaction, conditional on one or more covariates. First, let be the recurl (x) ij rence-risk ratio corresponding to the sharing of i alleles at the first locus and j alleles at the second locus, for , conditional on covariates as in equation
where and are the corresponding "average" and b g ij ijk covariate-specific linkage parameters, respectively. An extension of equation (2) to two loci gives the constraints and
model without covariates has three free parameters: two "single-locus" parameters, and
, and the joint (two-locus) parameter, log (l ) b p e 01 11
. As many as three parameters for each covariate log (l ) e 11 may be added, one for each risk ratio. Likelihood-ratio statistics then can be used to compare nested models. In addition, a model additive in penetrance (to approximate a heterogeneity model) was fitted by putting l (x) p ij , and a model multiplicative in pene-
trance was fitted by putting , for
(see Risch 1990; Olson 1999 ). In these exi,j p 0,1,2 pressions, represents a risk-ratio-like quantity spe- (l) l (x) i cific to locus l, for . In the absence of covariates, l p 1,2 these two models each contain two free parameters, one for each of the two loci; as many as two parameters per covariate may be added, in a manner similar to equation (1). Table 1 contains descriptive statistics for the variables used to construct covariates for the linkage analysis. The covariates were included in the model as the sum of the values for the two individuals comprising each ASP; table 1 also includes the mean and SD for these covariates as well as for the original variables. Ages at onset for individuals in this study ranged from 61 to 93 years, with a mean of 74.8 years. As expected, there was a higher frequency of E4 alleles (0.395) than in the general population. We also noted a monotonic increase in current age as the number of E4 alleles decreased. Figure 1 shows genome-scan results for the baseline model and single-covariate models with age at onset, current age, and E4 as covariates. Regions in which the total LOD score was significant at the .01 level are given in table 2. The largest single-covariate signal is on chromosome 21; a more detailed analysis of this region is presented by Olson et al. (2001) and will not be repeated here. For the baseline model (i.e., without covariates), five regions are significant at the .01 level (table 2), including the ApoE region; the highest LOD score is at the last marker on chromosome 6. Of the five regions with significant baseline effects, four (chromosomes 1, 6, 10, and 11) show no significant effect of any covariate at the .05 level. The remaining region (chromosome 19) shows evidence that ASPs with more E4 alleles are more likely to be linked. Three additional regions (chromosomes 5, 9, and 14) show little or no linkage when the baseline model is used but do show some effect of E4; for these three regions, ASPs with more E4 alleles are more likely to be linked.
Of the regions significant at the .01 level that also show an E4 effect, only one is in a region containing a strong candidate locus: the region on chromosome 19 that contains the ApoE locus itself. It has long been known that E4 is a risk factor for late-onset AD, and these results are consistent with previous findings. The addition of E2 to the E4 model on chromosome 19 gives a significant increase in the LOD score, to 4.03 (P p for E2 effect). Therefore, the best, most parsi-.0385 monious model contains E2 and E4 ( ,
), indicating increasing evidence for Ϫ.323 g p .222 E4 linkage with decreasing numbers of E2 alleles and increasing numbers of E4 alleles.
Three chromosomal regions showed significant evidence for linkage at the .01 level when either current age or age at onset was included in the model (table 2). We followed up the age-at-onset peak (LOD score p 1.89) on chromosome 14, which is ∼15 cM distal to PSEN1, one of the genes linked to early-onset AD (Sherrington et al. 1995) . Multiple regression analysis failed to increase the LOD score significantly, and no substantial evidence of linkage for any model was found at 74 cM, the approximate location of PSEN1. In the process of fitting these models, however, we did observe a LOD score of 4.14 ( ) at 60 cM (between D14S63 P p .00051 and D14S43, ) when E2 ( ), E4 b p .056 g p Ϫ.511 ( ), and age at onset ( ) were used as g p .038
g p Ϫ.011 covariates. ASPs with more E4 alleles, fewer E2 alleles, and earlier age at onset are most strongly linked.
Excluding chromosome 21, the largest effect for a single covariate was for current age, on chromosome 20 (LOD score p 2.69). Since smaller effects were observed at this location for E2 and E4, we followed up with multiple regression analyses (table 3) . The best, mostparsimonious model includes both current age and E2; ASPs most likely to be linked are those with the oldest current age who have E2 alleles. The large difference in LOD score between the model with age at onset (LOD score p 0.85) and the model with current age (LOD score p 2.69) suggests that an analysis with only age at onset would not have detected this region. Although the correlation between current age and age at onset is expected to be high, we note that there is a higher withinpair correlation for current age (0.55) than for age at onset (0.37). The meaning of the current age covariate is unclear, although the difference in the LOD scores suggests that this locus more likely influences disease progression, since current age equals age at onset plus disease duration ).
Our final model for chromosome 20 closely resembles the model previously reported for the APP region on chromosome 21 ). Both locations show that the likelihood of linkage increases with increasing current age and with increasing number of E2 alleles and decreasing number of E4 alleles. Although the final models differ somewhat in their details (for example, the APP region shows no effect of ApoE once current age is accounted for), the striking similarities suggest the possibility that the same subset of families segregates for disease alleles in both locations. For that reason, we fit two-locus models to determine whether epistasis could be detected statistically. Table 4 gives some results of this analysis. Because of computational difficulties in fitting a full model with both current age and E2, we begin with a full model with only current age as a covariate. This full model gives a LOD score of 12.74, which differs significantly from the two single-locus models, the multiplicative model, and the heterogeneity model. A more parsimonious model is obtained by allowing only the joint recurrence-risk ratio l 11 to depend on current age (LODscore difference p 1.08; , 2 df). The addition P p .083 of E2 to l 11 increases the LOD score by .96 (P p , 1 df) to 12.62, but the further addition of E2 to .036 the "single-locus" recurrence-risk ratios l 01 and l 10 gives no further improvement ( , 2 df). We conclude P p .339 that the best, most parsimonious model includes the covariates only in the joint recurrence-risk ratio and further note that, in this model, the "single-locus" estimates of b equal zero. According this model, ASPs who share no alleles IBD at one or both loci contribute no linkage evidence (i.e., for and all values l (x) p 1 i,j p 0,1,2 ij of x); only ASPs who share at least one allele IBD at both loci contribute linkage evidence, with the most strongly linked pairs being those of the oldest age and, to a lesser extent, those with the most E2 alleles. We thus obtained strong evidence for linkage to chromosome 20p (a location different from the signal in 20q13 detected by Pericak-Vance et al. [1997] ). One candidate gene, located at 20p11.2, is cystatin C (CST3 [MIM 119817]), a cysteine protease inhibitor involved in hereditary cerebral hemorrhage with amyloidosisIcelandic type (HCHWA-I) (Levy et al. 1989) . The CST3 locus is ∼15 cM proximal to our peak location. Evidence of genetic association between late-onset AD and a CST3 polymorphism has been described in three case-control studies (Crawford et al. 2000; Finckh et al. 2000; Beyer et al. 2001) ; all three showed that the strength of this association increased with increasing age. Their results are consistent with our finding that linkage is strongest in the oldest ASPs and, to a lesser extent, in those with E2 alleles. As discussed by Olson et al. (2001) , it may be that the effect of ApoE is the result of attrition due to the detrimental effects of E4 at earlier ages. Beyer et al. (2001) also observed an association in the earlieronset subset and argued that CST3 interacts with ApoE at earlier ages. This conclusion was based on results from a very small portion of their data and is not supported by our finding of lack of linkage to 20p at earlier ages. No association with CST3 was found in a Japanese sample (Maruyama et al. 2001) , and no linkage to CST3 was found in eight extended families with mean ages at onset of 36-65 years (Parfitt et al. 1993) .
We also report evidence for strong epistasis between the 20p region and the region of the APP locus. Our results indicate that a subset of families with AD segregates for susceptibility loci at both locations and suggest that susceptibility alleles at both loci must be present for AD to occur. In patients with AD, CST3 has been shown to be codeposited with amyloid-b in amyloid plaques in the brain (Levy et al. 2001) , as well as colocalized with amyloid-b in brain arteriolar walls (Vinters et al. 1990 ). In the rare autosomal dominant disease HCHWA-I, a point mutation in CST3 leads to the deposition of amyloid fibrils in the blood vessels of the brain and subsequently to multiple hemorrhages. HCHWA-I is very similar to the Dutch type of HCHWA (HCHWA-D), in which APP, rather than CST3, is the mutated locus (Prelli et al. 1988) . Both diseases, however, involve the colocalization of both CST3 and amyloid-b in the cortical blood vessels MaatSchieman et al. 1996; Wei et al. 1998) .
Although it has been suggested that CST3 might be involved in APP processing and/or generation of amyloid-b, the exact mechanism of biological interaction remains to be determined. A high-affinity substrate of CST3, cathepsin S, is known to cleave APP into derivatives containing amyloid-b in vitro and to increase amyloid-b production in tissue culture . A separate line of investigation, using transgenic mice, suggests that amyloid plaque initiation is independent of CST3 levels but also that, once plaques are formed, elevated CST3 levels are associated with deposition of CST3 layers onto the amyloid plaque cores (Steinhoff et al. 2001) . Whatever the mechanism, our results support the hypothesis that these two proteins interact to affect susceptibility to or progression of AD.
With the covariates we used, we were unable to detect substantial linkage in two candidate regions: the PSEN2 region on chromosome 1 (Levy-Lehad et al. 1995) and the LRP1 region on chromosome 12 (Pericak-Vance et al. 1997) . Covariates failed to significantly improve the modest evidence for linkage to the HLA/TNF region on chromosome 6 (Collins et al. 2000) , to 10q21-22 (Myers et al. 2000 , Ertekin-Taner et al. 2000 , or to the a2-macroglobulin region on 12q13 (Blacker et al. 1998) , previously detected in part using these data.
More generally, it is of interest to compare our findings with earlier genome results using the same data. Kehoe et al. (1999) analyzed the whole sample (292 ASPs), a subset without E4 alleles (63 ASPs), and a subset in which both members had at least one E4 allele (162 ASPs). Their results were consistent with the analyses shown in figure 1 and table 2, with some differences in the relative magnitudes of linkage evidence at different locations. In addition, because we formally tested for the effect of E4 on linkage, we did not report as significant some of the subgroup signals reported by Kehoe et al. (1999) . If we had used a more liberal significance criterion, such as .01, we would have included some of these signals, as well as additional E4 signals not reported by Kehoe et al. (1999) . Interestingly, Kehoe et al. used exclusion mapping to eliminate regions at or near the locations of our signal on chromosomes 20, using a sibling recurrence-risk ratio of 1.4.
To summarize our key findings, we have described evidence for the existence of a genetically identifiable subtype of "late-onset" AD limited to the most elderly and characterized, in these data, by joint linkage to 21p and 20p. Our analysis suggests that the development and/or rate of progression of AD in such families requires the presence of high-risk alleles at both genes, which likely interact biologically to increase disease risk. We believe that this subtype of AD is biologically in-dependent of ApoE and that its association with E2 in this data set is the result of E4-related attrition at earlier ages. In addition, we have found some evidence that a gene in the PSEN1 region contributes to a subtype of AD found in families of earlier onset and in which E4 may play a more direct role.
Because of issues relating to multiple comparisons, we view our analyses as exploratory; our results require confirmation in an independent sample. Like Goddard et al. (2001) and Olson et al. (2001) , we note that the ability to include covariates increases the overall probability of type I errors due to multiple analyses of the same genetic data. In this report, we have used pointwise significance levels associated with a single analysis. It is likely, however, that complete accounting of multiple comparisons in the context of a genome scan will require prohibitively small significance levels. Further, we believe that the presence of locus heterogeneity is the single most-important impediment to the successful detection and replication of baseline linkage results for complex genetic disorders. Thus, failure to account for locus heterogeneity places a severe limitation on the rate of scientific progress. A balance must therefore be struck between the need for timely gene discovery and the need to be prudent. In general, we recommend careful prior selection of covariates and cautious interpretation of results.
